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EVOLUTION OF THE EARTH'S ATMOSPHERE 
, 
"We l i v i n g  t h i n g s  are a l a t e  outgrowth of t h e  
metabolism of  o u r  Galaxy. The carbon t h a t  e n t e r s  so 
impor t an t ly  i n t o  o u r  zomposition w a s  cooked i n  t h e  
remote p a s t  i n  a dyina star.  From i t  a t  l o w e r  t e m -  
p e r a t u r e s  n i t r o g e n  and oxygen w e r e  formed. These, 
ou r  i nd i spensab le  elements,  were spewed o u t  i n t o  space 
i n  t h e  e x h a l a t i o n s  of red g i a n t s  and such s te l lar  ca- 
t a s t r o p h e s  as supernovae, t h e r e  to  be mixed w i t h  hydro- 
gen, to  form even tua l ly  t h e  subs tance  of t h e  sun and 
p l q n e t s ,  and ou r se lves .  The waters of a n c i e n t  seas 
set  t h e  p a t t e r n  of ions  i n  ou r  blood. The a n c i e n t  
atmospheres molded o u r  metabolism." 
--George Wald 
p r e s e n t  composition of t h e  e q r t h ' s  atmosphere is  78% 
21% oxygen and 1% argon,  w i t h  traces of carbon d iox ide ,  
c - water vapor and ozone. The atmospheres of Mars and Venus, on 
t h e  o t h e r  hand, are predominant l i  composed of carbon dioxide, 
w h i l e  t hose  of J u p i t e r  and Sa turn  c o n t a i n  mainly hydrogen, helium, 
methane and ammonia. Such a wide v a r i e t y  i n  t h e  composition of 
t h e  atmospheres of the  p l a n e t s  aFgears most i n t r i g u i n g  when one 
c o n s i d e r s  t h a t  a l l  n i n e  p l a n e t s  w e r e  probably formed a t  t h e  
- same t i m e  and o u t  o f  t h e  same chemicai ly  homogeneous mixture  
- of g a s  and dus t ;  t h a t  is, the  p r i m i t i v e  solar nebula: 
The most l i k e l y  explana t ion  f o r  t h i s  d i v e r s i t y  i n  composi- 
t i o n  seems t o  be t h a t  the p l a n e t a r y  atmomheres  have undercrone 
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important  evo lu t iona ry  changes dur ing  t h e i r  long h i s t o r y  of 
about  4 . 5  b i l l i o n  years. On t h e  e a r t h ,  t h e  evidence for such 
changes i s  manifold.  Ever s i n c e  Louis  Pas t eu r  demonstrated t h a t  
spontaneous gene ra t ion  of l i fe  does n o t  t a k e  p l ace  a t  the p r e s e n t  
t i m e ,  i t  has become obvious that  i f  l i f e  o r i g i n a t e d  on the earth, 
as i t  probably d i d ,  t h e  atmospheric c o n d i t i o n s  i n  t h e  e a r l y  h i s -  
t o r y  of t h e  p l a n e t  m u s t  have been q u i t e  d i f f e r e n t  i n  order for 
the chemical e v o l u t i o n  to have taken place.  A l s o ,  it appea r s  
t h a t  r e l 3 t i v e  to  the sun,  the e a r t h  is  d e f i c i e n t  by s e v e r a l  orders 
of magnitude, n o t  o n l y  i n  hydrogen and helium, which be ing  t h e  
l i g h e s t  can be assumed to have escaped from the  g r a v i t a t i o n a l  
f i e l d  of t h e  e a r t h ,  b u t  a lso i n  carbon,  n i t r o g e n ,  and t h e  cos- 
m i c a l l y  abundant rare gases;  namely, Ne, A , K r  and X e ,  (Table 1). 
A 
t h o s e  of non-vo la t i l e s  l i k e  N a ,  M g ,  41 and S i ,  s t r o n g l y  s u g g e s t s  
t h a t  t he  e a r t h  lost a l l  elements which could have been gaseous 
a t  temperatures  of a f e w  hundred degrees dur ing  t h e  very e a r l y  
h i s t o r y  of t h e  p l ane t .  The r e l a t i v e l y  small amounts of carbon, 
hydrogen, n i t r o g e n  and oxygen now p r e s e n t  i n  t h e  c r u s t ,  hydro- 
s p h e r e  and atmosphere w e r e  probably outgassed  from t h e  i n t e r i o r  
and acc lmula ted  slowly during t h e  lifetime of t he  e a r t h .  
- 
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comparison of t h e  d e f i c i e n c y  factors of t h e s e  elements  w i th  
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Both biochemical arguments and geo loq ica l  evidence, there- 
fore, s t r o n g l y  suggest  t h a t  the atmosphere of the  earth has 
undergone major evolu t ionary  changes during i t s  long h i s t o r y .  
Whether the atmos'heres of d a r s  and Venus have a lso gone through 
similar s t a g e s  of evo lu t ion  is a ques t ion  which cannot be answered 
without  more knowledge about t h e i r  composition. Future  in s i t u  
exp lo ra t ion  of these p l a n e t s  and a search  for  the rare gases, 
e s p e c i a l l y  N e ,  which i s  d e f i c i e n t  on earth by a factor of 10 10  , 
w i l l  prQvide important c lues  to  the m i g i n  of these atmospheres. 
For th? earth, there i s  convinc i ig  evidence t h a t  the  pre- 
s e n t  atmosphere and hydrosphere arose l a r g e l y  f r o m  the i n t e r i o r  
v i a  volcanic  emanations. 
I 
aut t h e  sequence of even t s  which l e d  
t o  present-day composition of N 
What is  the h i s t o r y  of t h e  vo la t i les  now p resen t  a t  the su r face  
and 0 has  y e t  t o  be established. 
2 2 
of the earth? H a s  the  C ,  N, 0 and H always been i n  the  form of 
C O z ,  N and H 2 0  and H or d i d  carbon and n i t rogen  combine w i t h  
2 '  2 '  - 
hydrogen e a r l y  i n  the earth's h i s t o r y  to  f o r m  CH4 and NH 3 
what  atmospheric cond i t ions  d i d  l i f e  o r i g i n a t e  on earth and how 
d i d  the  appearance of l i f e  change the atmosphere? 
Under 
- 3 
These are 
c 
some of the basic ques t ions  which must be answered i n  order to  
t 
I 
- p a i n t  a coherent  picteire of t h e  evolu t ion  of the earth's atmosphere. 
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Opinions on these ques t ions  are many and var ied ;  sometimes 
they are almost d i a m e t r i c a l l y  opposed. 
of the o r i g i n  of l i f e  on the earth,  supported by the laboratory 
experiments of Miller and more r e c e n t l y  cf Ponnamperuma, sugges t  
a p r i m i t i v e  atmosphere composed mainly of CH w i t h  small amounts 
of 9 , H  
The Oparin-Urey theory  
4 
and H 0 vapor. On t h e  other hand, t h e  school of 2 2 
thought l e d  by ALalson, and supported also by 
imen t s  on the s y n t h e s i s  of amino acids, holds  
mosphere of the  earth was made up of CO CO, 2' 
l abo ra to ry  exper- 
t h a t  the e a r l y  at-  
N and H 0 vapor. 
H2' 2 2 
Geolog i s t s  are a l s o  divided on tne sub jec t .  Holland has 
presented a model for t h e  evolu t ion  of t h e  atmosphere i n  which, 
during the very early stage aftsr  the formati-on of the earth and 
a t  the corn-encement of outgassing,  the dominant gases could have 
~ 
c 
2 '  prov- been CH and H 4 
r a p i d l y  as it does today. 
t ha t  the  e a r l y  atmosphere 
cause no t  enough hydrogen 
free hydrogen d i d  n o t  'escape' as 
Rubey, on the  o t h e r  hand, believes 
was probably made of CO and N be- 
was a v a i l a b l e  t o  keep CH from con- 
2 2 
4 
Holland 's  model i s  supported by the calcu- 2' v e r t i n g  i n t o  CO 
l a t i o n s  of Rasool and McGovern, who have i n v e s t i g a t e d  t h e  thermal 
. .  
- ._ 
I properties of model p r imi t ive  atmospheres of the  earth. They 1 ,  
1 a 
f i n d  that  in/99% cH4 - 1% H atmosphere t h e  average exospheric  2 
.- 
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temperature  may be as l o w  as 650° K [cf .  p r e s c n t  day va lue  1500° K) , 
making the  escape o f  hydrogen a r e l a t i v e l y  slctv phenomenon. How- 
e v e r ,  Abelson has  argued that i f  methane were abundant i n  t h e  
p r i m i t i v e  atmosphere, the e a r l i e s t  rocks  should c o n t a i n  unusual  
amounts of o rgan ic  matter, which appa ren t ly  is not  t h e  case. 
i Despi te  t h e  disagreement ove r  t h e  composition of t h e  prim- 
i- i t i v e  atmosphere, it is  almost c e r t a i n  t h a t  i t  w a s  devoid of 
free oxygen. How and when d i d  free oxygen then become a major 
c o n s t i t h e n t  o f  t h e  atmosphere? The la te  Lloyd V. Berkner and 
L.C. Marshal l  have presented  d e t a i 1 e d . c a l c u l a t i o n s  o f  t h e  photo- 
chemistry of H 0, i n d i c a t i n g  t h a t  f r e e  oxygen w a s  l i m i t e d  t o  
/ 2 
0.1% of t h e  p r e s e n t  atmospheric l e v e l  dur ing  the  e n t i r e  pre- 
b i o l o g i c a l  h i s t o r y ,  accumulating slowly to t h e  p r e s e n t  amount 
- 
s i n c e  t h e  s ta r t  of photosynthes is  about  800 m i l l i o n  y e a r s  ago. 
This is  probably t h e  most widely accepted exp lana t ion  for t h e  
growth of oxygen i n  t h e  e a r t h ' s  atmosphere. However, d i f f i c u l t i e s  
arise when one a t t e m p t s  t o  c o n s t r u c t  an evo lu t iona ry  model of t h e  
atmosphere which 
t o  t h e  p re sen t .  
t h e  s m a l l  amount 
atmosphere would 
would be c o n s i s t e n t  from t h e  p r e b i o l o g i c a l  per iod  
For example, it is n o t  w e l l  understood whether 
of O2 suggested to  be p r e s e n t  i n  t h e  p r i m i t i v e  
n o t  be s u f f i c i e n t  t o  rapidly oxidize CH4 and 
\ '  
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NH i n t o  CO and N2. It may be t h a t  t h e  product ion of even 
t h i s  small amount of free oxygen i n  t h e  upper atmosphere by 
3 2 
i '  
8 
t he  photodiLsocia t ion  o f  water vaopr w a s  i n h i b i t e d  by t h e  pre- 
sence of NH i tsel f .  3 
Some of t h e s e  important q u e s t i o n s  w i l l  be d iscussed  i n  t h e  
forthcoming i n t e r d i s c i p l i n a r y  symposium on t h e  Evolut ion of 
t h e  E a r t h ' s  Atmosphere to be h e l d  dur ing  t h e  Annual Meetings 
o f  t h e  AAAS i n  New York C i t y ,  under t h e  chairmanship o f  
Har r i son  Brown of the C a l i f o r n i a  I n s t i t u t e  of Technology. 
Because of t h e  d i v e r s i t y  of d i s c i p l i n e s  involved,  an 
a t t empt  h a s  beeri made t o  b r ing  toge the r  g e o l o g i s t s ,  b i o l o g i s t s ,  
meteorologiets and as trophys ic i s t s ,  with the -hope of ob ta in ing  
f r e s h  ideaG and a broader pe r spec t ive  on t h e  s u b j e c t .  
gram inc3udes t h e  fol lowing p resen ta t ions :  
The pro- 
- 
"Nature of the E a r l y  
Atmosphere and Ocean" (P. Cloud) I " G r a v i t a t i o n a l  Escape o f  Rydro- 
gen from Model P r i m i t i v e  Atmospheres" (S.I. R a s o o l  and W.E. Mc- 
Govern), "Simulated Atmospheres and Models o f  t h e  Syn thes i s  
of t h e  F i r s t  Organisms" (S.W. Fox), "Evolut ion of N - 0 A t -  
- mosphere on Ear th"  (L.C. Marsha l l ) ,  Atmospheric CO P a s t  and 
P resen t "  (H.D. Holland) followed by "Summary and C r i t i q u e "  
2 2 
2 '  ._ 
(H. Brown). There is a chance t h a t  t h i s  d i scuss ion  may b r i n g  
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us a s t e p  closer to understanding the nature of the ancient at- 
- 
mospheres that molded our metabolism. 
s. I. RASOOL 
Goddard Space Fl ight  Center, 
Ins t i tu te  for Space Studies,  NASA, 
New York, New York 
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and 
New York University ' 
New York, New Y o r k  
Ikpartment of Meteorology and Oceanography, 
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TABbE 1. 
i (ATOMS/lO,OOO ATOMS S i )  
-0 
7 
z! 250 2.6  x io 
He 3 . 5  IO-’ 2 . 1  x 1@ 
C 14 135,000 
N 0.21 24,400 
236,000 
/ 
35,000 0 
N e  
N a  
Ms 
A 1  
S i  
A3 
Kr 
X e  
1 . 2  x 
460 
8 ,900  
940 
LO, 000 
5.9 
6 x loo8 
5 x - 1 ~ - 9  
23 * 000 
63 2 
10,506 
851 
10,000 
2,280 
0.69 
0.07 
..- 
* A f t e r  R u b e y ,  R i n g w o o d  and Mason 
< 
** A f t e r .  Cameron - 
DEFICIENCY FACTOR 
log W a )  
6 . 0  
13.8 
4 . 0  
5 . 1  
0.8 
10.3 
- 0  
- 0  
- 0  
0 
6 . 6  
7.1 
7.1 
